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EDITORIAL REVIEW
The cellular action of aldosterone in target epithelia
The aldosterone-induced increase in electrogenic sodium
transport in amphibian and mammalian epithelia is well known
on the basis of experiments performed during the 1950's and
1960's. Amphibian epithelia continue to provide an important
experimental model to study the molecular mechanism of
electrogenic ion transport. Recent studies, however, demon-
strate that the action of aldosterone on epithelial cells involves
changes in the transport of other ions besides sodium and by
mechanisms that include electroneutral as well as electrogenic
transport. Since these effects of the cellular action of aldoste-
rone result in transepithelial movement of ions, they require the
unique features of polarized cells characterized by apical and
basolateral membranes, with different physical properties, ar-
ranged in series, and a parallel shunt pathway between cells
with specific conductances for individual ions. This arrange-
ment provides a mechanism for entry of ions into the cell across
one cell surface and extrusion across the opposite cell surface,
and for the generation of appropriate driving forces for in-
creases in net ion movement through the shunt pathway. Since
the three compartment model of epithelia was initially proposed
by Ussing and colleagues and provided an important paradigm
in studies designed to elucidate the mechanism for electrogenic
sodium transport in amphibian tissues, this review will begin
with the experimental basis for the three compartment model.
Further advances in our understanding of transepithelial move-
ment of sodium and other ions and the cellular action of
aldosterone can be conceptionalized by modifications of the
basic model.
The studies of Ussing and Zerahn were undertaken to explain
the mechanism by which frog skin transported sodium from an
outside dilute solution into body fluids where a high sodium
concentration prevailed [1]. A three compartment model of
epithelia was proposed involving outside solution (apical), cell
cytoplasm and inside interstitial fluid (basal), separated by two
barriers, the apical cell membrane and basolateral membrane,
as shown in Figure la [2]. This model suggested that epithelial
cells in frog skin have a high concentration of potassium and a
low level of sodium. Net sodium transport across the skin
involved passive diffusion of sodium ions into the cell down an
electrochemical gradient across the apical membrane which
was rate limiting and selectively permeable for sodium and
lithium ions. The basolateral membrane was selectively perme-
able for potassium; the permeability to sodium was extremely
low. An active exchange mechanism at the basolateral mem-
brane served to extrude cellular sodium against an electrochem-
ical gradient and transport potassium into the cell. Because of
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selective permeability properties of the basolateral membrane,
cellular potassium ions were free to back diffuse into the basal
solution. In this scheme, diffusion potentials were generated at
both membrane barriers that were opposite in polarity; diffusion
of potassium ions out of the cell across the basolateral mem-
brane resulted in the cell becoming negative to inside solution,
while diffusion of sodium ions across the apical membrane into
the cell made the cell positive to outside solution. Figure la
shows a single equivalent electrical circuit model of the mem-
brane formed by epithelial cells, and indicates that the trans-
epithelial potential difference (VT) is determined by:
Rs(Va + Vb)VT =
Ra + Rb + R
where Ra and Rb are resistances of the two cell membranes in
series, R is the shunt resistance in parallel, and aand Vb are
potential differences across the apical and basolateral mem-
branes. Under conditions where frog skin was bathed symmet-
rically in Ringer's solution, there was a potential difference
across the skin with the outside solution negative to inside
solution when the latter was connected to ground. When the
skin was short-circuited through an external circuit, sufficient to
reduce T to zero, the short-circuit current (Isc) was found to
be identical to net sodium transport from outside to inside
solutions, measured by isotope tracers, thus demonstrating that
sodium was the sole actively transported solute and transport
was electrogenic. In this formulation, the Na-K exchange at
the basolateral membrane maintained low cellular sodium and
high cellular potassium activities, and thus generated large
differences in ion activity across the opposing cell membranes.
Inspection of the equation above indicates that the open circuit
VT can be expected to rise, outside solution negative to ground,
when Va depolarizes due to influx of sodium ions and/or b
hyperpolarizes due to effiux of potassium ions. The sum of ion
conductances in the apical and basolateral membranes reduce
the values of Ra and Rb. Although in frog skin the apical and
basolateral membranes behave as sodium and potassium elec-
trodes, respectively, the presence of other ion selectivities in
either cell membrane can be expected to affect membrane
potentials according to the Hodgkin-Katz equation. For exam-
ple, if a finite potassium conductance was present in the apical
membrane, cellular efflux of potassium ions would serve to
hyperpolarize the apical membrane and counteract the effect of
inwardly diffusing sodium ion to depolarize the membrane.
In 1961 Crabbd [3] demonstrated that aldosterone stimulated
electrogenic sodium transport in toad bladder several-fold,
reflected by an increase in short-circuit transport (Isc) and VT.
Subsequent workers showed that apical membrane was rate
limiting for translocation of sodium across epithelia and that the
rate of cell entry of sodium across the apical membrane was
stimulated by aldosterone [4]. Discovery of Na-K-ATPase by
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Fig. 1. (a) The cell model proposed by Ussing
and associates. The symbol represents ion
channels, while the symbol 0 indicates the
active carrier protein for Na-K exchange.
In the circuit diagram at the bottom of the
model cell the symbols Va, Vb and VT
represent electrical potential differences
across the apical membrane, basolateral
membrane and the epithelium, respectively.
The symbol R is the electrical resistance of
the apical membrane, basolateral membrane
and paracellular (shunt) pathway. (b) The
transcription dependent effect of the activated
aldosterone receptor on cellular voltages,
resistances, ion channel conductances and the
Na-K exchanger in anuran epithelia.
Skou in 1957, identified the molecular basis for Na-K ex-
change mechanism across the basolateral membrane [5], pre-
dicted by Ussing and colleagues, and advances in techniques
for estimating the intracellular concentrations of ions showed
that sodium was approximately 10 mmol liter' and the level
of potassium was about 115 mmol 1iter in frog skin [6].
Studies in amphibian tissues demonstrated that the delay of 60
to 90 minutes in the aldosterone-induced increase in Isc [3] was
associated with a transcriptional process and synthesis of new
protein [7, 8]. Further experiments showed a high affinity
cytosolic receptor for aldosterone in rat kidney which after
activation by the hormone translocated to the nucleus, where it
bound to DNA [9]. Taken together, these experimental results
suggested the model shown in Figure lb.
Target sites for the action of aldosterone in the mammal
Epithelia which serve as target sites for the action of aldo-
sterone in the mammal are defined by the presence of specific
receptors with a high affinity for aldosterone, and by hormonal
induced changes in cell expression characterized by an altera-
tion in vectorial movement of ions. Target sites for hormone
action have been identified, on the basis of changes in ion
transport, in the large intestine [10], mammalian urinary bladder
[11], the main excretory duct of the submaxillary salivary gland
[12], and collecting duct system in the kidney [13, 14]. Methods
to localize sites of action are confounded in some reports
because pharmacologic doses of mineralocorticoids were used
which might affect ion transport by crossover binding to gluco-
corticoid receptors [15—17].
Free flow micropuncture and microperfusion of isolated
nephron segments demonstrated that exogenously administered
mineralocorticoids, or high endogenously produced hormone
levels, stimulated sodium absorption and/or potassium secre-
tion in the distal convolution [probably initial collecting tubule
(ICT)] [18, 19], cortical collecting tubule (CCT) [20] and papil-
lary collecting duct (PCD) [21] of the rat and in CCT of the
rabbit [14]. In outer medullary collecting tubule segments
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potassium transport, at least in the rabbit [141, although hor-
mone action induced an increase in the secretion of protons
[22]. In addition, studies have been performed using enzymatic
and morphological expressions of increased ion transport, that
is, an increase in activity of Na-K-ATPase and/or area of
basolateral cell membrane. This approach permits assessment
of short segments not accessible for direct transport studies.
The adrenalectomized rat, with physiological replacement of
corticosterone, was infused with aldosterone to mimic the high
levels produced by a salt-poor diet. Twenty-four hours after
initiating aldosterone infusion, both the activity of Na-K-
ATPase and [3H] ouabain binding (used as a measure of the
number of Na-K pump sites) increased significantly above
control, and in parallel, in CCT [23]. Under similar conditions,
during chronic infusion of aldosterone for five to seven days,
aldosterone caused an increase in cell volume and basolateral
membrane area of principal cells located in the ICT, CCT, and
outer stripe of the medullary collecting tubule (MCTOS), but not
in the cells of the MCTIS or PCD [24].
Autoradiographs of microdissected renal tubules from rat and
rabbit showed high nuclear binding of labeled aldosterone in the
late distal convolution and CCT, with smaller amounts in the
loop of Henle and papillary portion of the MCT [25, 26]. Katz
and colleagues studied the binding of [3H] aldosterone and [3H]
corticosterone in freshly dissected rabbit and rat tubules with a
direct binding microassay. Aldosterone binding showed a dis-
tinct pattern, with a high concentration of binding sites and
specificity present only in subdivisions of the collecting duct
system (ICT, CCT and outer MCT) [271. Specific binding was
negligible in more proximal portions of the nephron, but the
PCD was not examined because extensive tubule branching
precluded analysis. Specific PH] aldosterone binding to the
CCT was saturable, with an equilibrium dissociation constant of
2.2 x i0 mollliter. The same profile of high affinity binding
sites was also found for corticosterone, using the same tech-
nique, although corticosterone binding sites were also identified
in proximal tubule and pars recta [281. Evidence for the target
sites of mineralocorticoid action along the nephron, based on
binding studies, has been summarized by Marver [29]. Re-
cently, aldosterone receptors have been localized along the
nephron by Lombès and colleagues [30], using a monoclonal
antibody to the aldosterone receptor. This method identified
receptors in the connecting tubule, CCT, MCT and PCD. Taken
together, these functional and receptor studies suggest that all
portions of the collecting duct system are target sites for the
action of aldosterone.
In the intestinal tract, both the proximal and distal portions of
colon are responsive to aldosterone. During chronic hyperal-
dosteronism induced by a sodium-free diet, there is an increase
in sodium absorption and potassium excretion [31], and an
increase in Na-K-ATPase activity and the area of basolateral
cell membrane [321 in proximal and distal colon. Both segments
exhibit specific receptors for aldosterone [33] and glucocorti-
coid hormones [16].
Detailed studies of these hormone-responsive epithelia have
shown a high degree of cellular specialization. In segments of
the cortical portions of the collecting duct system, the effect of
aldosterone to stimulate sodium and potassium transport is
restricted to principal cells, while stimulation of 11÷ secretion is
localized to intercalated cells [34]. In MCTIS cellular specializa-
tion is restricted to acid secretion by all cells [22]. Although
there is no anatomical correlate for specialized transport func-
tion in the inner MCT, including the PCD, this segment of the
nephron is capable of increased sodium absorption [21, 35],
secretion of potassium [36], and acid secretion [37, 38] in
response to aldosterone. The surface mucosal cells lining the
large intestine participate in the absorption of NaCl and secre-
tion of bicarbonate and potassium, and respond to the action of
aldosterone, while crypt cells exhibit the capacity for chloride
secretion and are apparently not responsive to aldosterone [39].
It is of interest, however, that Clauss, Dantzer and Skadhauge
reported that aldosterone stimulated active chloride secretion in
hen coprodeum (cloaca), possibly by activating a specialized
subpopulation of cells that were capable of active chloride
secretion [40].
The aldosterone receptor and regulation of gene expression
The aldosterone receptor belongs to the steroid receptor
superfamily which can be distinguished from other transcription
factors by its distinctive structural characteristics [41]. Aldo-
sterone is part of a distinct subfamily of this superfamily which
also includes glucocorticoids and progesterone [42]. The mem-
bers of this subfamily of receptors exhibit marked homology of
structure and function. The human mineralocorticoid receptor
(hMR) has been cloned and sequenced by Arriza and colleagues
[42]. The rat MR has also been cloned and sequenced and is
quite similar to the hMR [43]. The gene for the mineralocor-
ticoid receptor appears to be localized to chromosome 4. This
subfamily of receptors contain three major structural regions:
the C-terminal steroid binding region, the mid-portion DNA-
binding domain and the variable (immunogenic) N terminal
domain involved in regulation of transcription. The hMR gene
encodes a protein of 984 amino acids with a molecular size of
107 kD which is considerably larger than the glucocorticoid
receptor (hGR). This difference is predominantly due to the size
of the N terminal which has little homology with the hGR. The
DNA binding region is markedly preserved with 94% homology
to the hGR. The steroid binding region shows 57% homology
with the hGR. Between these two regions is a linker region
which differs markedly between the hMR and hGR. The pro-
gesterone receptor also shows similar homology to the hMR
[42].
The current model for the intracellular action of these ste-
roids is that the ligand diffuses into the cell where it binds with
high affinity to the receptor. Aldosterone has a higher affinity
for its receptor than glucocorticoid has for its receptor with a
dissociation constant (Ku) of 1 n compared to a Kd of —25
flM of cortisol for the GR [42, 44]. However, cells contain fewer
mineralocorticoid receptors than glucocorticoid receptors [45].
Another major difference between the MR and the GR is
receptor specificity. The GR has a low affinity for aldosterone
but the MR, when studied in isolated cytosol, binds natural
glucocorticoids and progesterone with an affinity similar to that
for aldosterone [42]. Thus in vitro the MR is a poorly selective
receptor [46].
In the cytosol, receptors, including MR, exist as an oligo-
meric structure of receptor complexed to heat-shock protein
(hsp) [44, 47]. Binding of steroid to the steroid binding region
initiates a structural change in the receptor (transformation or
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activation) which involves dissociation of hsp from the recep-
tor, leading to exposure of the DNA binding domain. The
receptor complex can then translocate to the nucleus to bind
with high affinity to DNA. The above model of receptor
activation and translocation is best established for the GR.
While MR also appears to conform to this model, it is not yet
certain whether the unoccupied receptor resides in the cyto-
plasm, is an intranuclear receptor like progesterone, or shuttles
between the two compartments [44, 48]. The ligand-bound
mineralocorticoid receptor is predominantly located in the
nucleus. However, it may not require activation in order to
enter the nucleus [48].
Activated receptor preferentially binds to specific DNA se-
quences on the gene. Specificity of receptor DNA binding is
determined by the DNA binding domain of the receptor but may
also be influenced by the amino terminal portion of the receptor
[41, 44, 49]. Specificity of the DNA binding domain of the
receptor is conferred by cysteine-zinc structures called zinc
fingers which insert into the major grooves of DNA [41, 49].
The DNA binding sites on the gene are termed hormone
response elements (HRE) which are specific base pair se-
quences usually located upstream from the promoter of the
targeted gene to be transcribed. The same HRE may exist on
several genes allowing the receptor to initiate several cellular
responses. Binding of receptor to its HRE enhances the rate of
transcription by incompletely defined mechanisms. Binding to
certain HRE's on other genes can inhibit transcription of other
gene products [50]. A specific mineralocorticoid response ele-
ment on genes has not yet been identified [42, 50]. Since the
DNA binding domain of the mineralocorticoid receptor is
markedly similar to that of the GR it is possible that the MR
binds to the same HRE's as the GR [42]. If this is so, other
factors specific to the target cell must determine the specificity
of the gene transcription induced by the mineralocorticoid
receptor.
Binding of aldosterone to the HRE's results in enhanced
transcription of mRNA leading to increased synthesis of the
aldosterone-induced proteins. It appears that most, if not all,
aldosterone-induced effects require mRNA-dependent new pro-
tein synthesis, as demonstrated by inhibition of thse effects by
actinomycin D and cycloheximide [7, 8]. It is likely that
induction of more than one effector protein is required for
aldosterone's full expression of effect on ion transport, since in
35S-methionine studies aldosterone increases the synthesis of
several proteins [50]. Which of these are responsible for the
effects of aldosterone on ion transport is not known. Only two
specific proteins that increase in the presence of aldosterone
have been identified, citrate-synthase and Na-K-ATPase. At
present, however, there is no evidence demonstrating that
increased citrate-synthase activity is necessary for aldosterone
induced changes in ion transport [50].
Na-K-ATPase is the protein most strongly identified as an
aldosterone induced protein. Aldosterone increases the synthe-
sis of both a and /3 subunits of the Na-K-ATPase in toad bladder
and this effect is inhibited by actinomycin D [50]. In A6 cells
aldosterone increases both mRNAa and mRNAf3 transcription,
demonstrating that aldosterone's effect is induced by gene
transcription [50—52]. The effect of aldosterone, however, on
this increased transcription rate can be inhibited by very high
concentrations of cycloheximide. This finding suggests that
aldosterone might induce synthesis of a protein which then
enhances Na-K-ATPase gene transcription. Thus, aldoster-
one's effect would be indirect. Alternatively, the aldosterone
receptor's effect on gene transcription could require the pres-
ence of a short lived protein [52]. Resolution of these possibil-
ities require further studies.
Thus far, no specific protein has been implicated as the
protein which induces the increase in open sodium conductive
channels in the apical membrane. That this effect requires
mRNA dependent new protein synthesis is attested to by the
marked sensitivity of this effect to inhibition by cycloheximide
[8]. Suggested induced proteins include phospholipase A2,
methyltransferase, or apical membrane stimulatory G proteins
[53]. Resolution of the effector protein regulating the Na chan-
nel will probably require isolation and purification of the
channel.
As noted above, most studies have found that the aldosterone
receptor studied in isolated cytosol is a relatively nonspecific
receptor with equally high affinity for mineralocorticoids and
naturally occurring glucocorticoids [42, 46]. When studied in
whole cells in vitro or with in vivo injection of steroid, the
selective binding of aldosterone is greater than that for native
glucocorticoids. Some of this specificity is undoubtedly con-
ferred by corticoid binding globulins (CBG), which more avidly
bind native glucocorticoids than aldosterone in plasma and in
some tissues, thus decreasing the availability of the glucocorti-
coid to bind to the aldosterone receptor [54]. However, this
binding cannot entirely explain the in vivo selectivity, espe-
cially in tissue which is relatively devoid of CBG.
Recent studies have led to the concept that receptor speci-
ficity is conferred by the aldosterone responsive tissue rather
than by characteristics of the receptor [46, 54, 55]. It is
proposed that in kidney, salivary gland and colon the enzyme
I 1/3-hydroxysteroid dehydrogenase (1 l-HSD) allows selective
occupancy of the aldosterone receptor by converting corticos-
terone and cortisol to metabolites. The resultant il-ketoster-
oids have a lower affinity for both the aldosterone and the
glucocorticoid receptor. Aldosterone is protected from conver-
sion by its C18 aldehyde structure so that the molecule is not a
substrate for the enzyme. It is postulated that glucocorticoids
entering aldosterone target cells are metabolized to forms that
cannot bind to the receptor or elicit a mineralocorticoid re-
sponse, while aldosterone is unaffected and can bind to the
mineralocorticoid receptor. Glycyrrhizic acid, the compound
found in liquorice, and carbenoxolone inhibit 1 l-HSD activity.
Natural glucocorticoids in the presence of these agents are not
metabolized and elicit a mineralocorticoid response with induc-
tion of conductive sodium absorption.
There are several questions that remain unresolved concern-
ing the role of 1 l-HSD in conferring aldosterone specificity.
First the enzyme as identified by immunostaining techniques
does not colocalize with the aldosterone receptor, is absent in
target cells, and is more abundant in nontarget tissue such as
proximal tubule [55]. This discrepancy may be resolved if the
ll-HSD in target cells is an isoform not recognized by the
antibody. A recent study measuring conversion of corticoster-
one to 1 1-dehydrocorticosterone in rabbit nephrons found that
the highest rates of conversion occurred in cortical thick
ascending limb, CCT, and outer MCT [56]. The latter two sites
are clearly recognized aldosterone target sites. This study
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supports the existence of an isoform of 1 l-HSD in aldosterone
target cells unrecognized by the antibody in prior studies [54].
However, it does not explain why 1 1-HSD activity measured by
the same method is low in colon, since the colon is highly
aldosterone selective [46]. Second, since steroid metabolized
by 11-HSD cannot bind to the glucocorticoid receptor, tissues
such as liver, which have high 11-HSD levels, should be
unresponsive to glucocorticoids, yet it is clear that these tissues
are quite glucocorticoid responsive [54]. These effects might be
reconciled if glucocorticoid responsive cells have high levels of
1 1-ketosteroid reductase which maintains glucocorticoids in
their unmetabolized form, while in mineralocorticoid tissues the
effect of 1 1-HSD predominates over that of the reductase [55].
Finally, in tissues containing both glucocorticoid receptors and
aldosterone receptors it is not clear how tissue glucocorticoid
effects remain elicitable if 1 1-HSD is the mechanism confemng
aldosterone specificity.
Mechanism for aldosterone-induced electrogenic sodium
transport
Amphibian epithelia have served as an experimental model
for the early phase of hormone action. Mter the delay required
for transcription and translation processes, electrogenic sodium
transport rises progressively [3], reaching a maximum level in
12 to 24 hours. In mammals, in which chronic studies are more
easily performed, the action of aldosterone persists as long as
elevated levels of the agonist are present [57]. Electrophysio-
logical analysis of toad bladder demonstrated that the initial rise
in Isc was proportional to increases in sodium permeability
(PNa) of apical membrane [58]. In these experiments Na
increased 140% by five hours and 680% by 18 hours. Despite the
large increase in influx of sodium induced by aldosterone,
several approaches for estimating intracellular sodium activity
Na or total sodium concentration (Na) showed that intracel-
lular sodium did not increase or increased only slightly, sug-
gesting that the rate of efflux of sodium across the basolateral
membrane increased pan passu with influx. Using current-
voltage analysis, (a )was constant at a level of about 2 m in
urinary toad bladder five hours after exposure to aldosterone
[58]. In electron probe experiments, Na in granular cells of
toad bladder increased from a control value of 8.5 mmollkg wet
wt to 12.7 four to six hours after addition of aldosterone, when
Isc had increased about threefold [59]. In addition, in rabbit
colon obtained from controls and animals with chronic hyper-
aldosteronism, the level of a (12 mM) was similar in both
groups, estimated with Na-selective microelectrodes [60].
During the chronic action of aldosterone the activity of
Na-K-ATPase is increased in CCT [61] and large intestine [62].
Studies in rat colon obtained from animals with intact adrenal
glands demonstrated parallel increases in net sodium absorp-
tion, Na-K-ATPase activity, and [3H]ouabain binding [62], and
an increase in the maximal turn-over rate for sodium in baso-
lateral membrane [63], indicating that additional Na-K
pumps are both inserted into the membrane and are functional.
On the basis of numerous studies [reviewed in 64] there is
general agreement that Na-K-ATPase is under aldosterone
control, and that the long-term effect of the hormone results in
an increase in the abundance and activity of the enzyme in
nearly all target epithelia. An important question is whether an
increased number of pump sites is required for the initial rise in
sodium transport. In mammalian CCT it appears that aldoster-
one-induced synthesis of Na-K-ATPase is dependent on the
baseline activity of the enzyme; Na-K-ATPase levels are re-
stored to basal levels in CCT from adrenalectomized rabbits
within three hours of hormone exposure, while an increase in
enzyme levels above basal levels in CCT from adrenal-intact
animals requires 24 hours [65]. These data suggest, therefore,
that the early phase of hormone action in normal subjects
occurs independently of changes in the number of Na-K
pump sites.
Another question is whether aldosterone regulates the syn-
thesis of Na-K-ATPase directly, or indirectly by increasing the
rate of sodium influx into the cell. An indirect mode of action
was supported by the finding that in vivo pretreatment with
amiloride, to block cell entry of sodium, inhibited the action of
aldosterone to increase Na-K-ATPase activity in isolated seg-
ments of rabbit CCT [66]. In further experiments, however, the
in vitro aldosterone-induced increase in enzyme activity in CCT
was not inhibited by removal of sodium from the bathing
solution, consistent with the notion that the effect of aldoste-
rone on the Na-K pump was not secondary to increased
apical entry of sodium into the cell [67]. The most persuasive
evidence for a direct action of the hormone was provided by
Rossier and colleagues who demonstrated, as noted, that aldo-
sterone increased the biosynthesis of a- and 13-subunits of
Na-K-ATPase during exposure of apical membrane to amiloride
[51].
Chronic hormone action also results in striking morphological
changes in target cells, characterized by an increase in the area
of the basolateral cell membrane. This effect has been docu-
mented with pharmacological and high physiological levels of
mineralocorticoids in mammalian colon [32] and in all segments
of the collecting duct system except the MCT1 and PCD [24,
68]. In the analysis of the CCT in both rabbit and rat, the area
of basolateral membrane increased in principal cells but not in
intercalated cells, supporting the notion that aldosterone acts
on the principal cell to stimulate sodium and potassium trans-
port. Amplification of the basolateral membrane parallels the
incremental rise in number of Na-K pumps and resembles
the morphological correlate that accompanies the increase in
Na-K pumps in the avian salt gland under conditions of
increased NaC1 secretion [69].
Taken together, these data suggest that aldosterone stimu-
lates electrogenic sodium transport in two phases. In the early
phase, lasting hours, the rise in transepithelial movement of
sodium involves an increase in the rate of sodium influx across
the apical membrane due to an increase in the number of
sodium conductive sites, or activated sodium channels. This
effect could result from activation of channels present in apical
membrane in an inactive form, recruitment of new channels
from a cytosolic pool, or, at least during chronic hormone
action, insertion of newly synthesized channels. Recent stud-
ies, using antibodies that bind to the amiloride-sensitive sodium
channels, have failed to provide evidence for either recruitment
or an increase in the total population of apical channels [70].
These results are consistent with the earlier observation by
Gaily and Edelman that showed that aldosterone stimulation of
electrogenic sodium transport in toad bladder was substantially
reduced by prior exposure of the apical membrane to trypsin,
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suggesting that sodium channels activated by aldosterone are
continuously present in apical membrane in an inactive form
[71]. Conversely, in the same experiments, neither the onset
nor magnitude of action of vasopressin to increase Isc was
inhibited by trypsin, consistent with the notion that either
activated channels were not present in the membrane or were in
a trypsin-insensitive conformation before activation. The au-
thors suggested that aldosterone and vasopressin do not share
the same pool of inactive channels. Further evidence that
aldosterone activates previously existing but nonfunctioning
sodium channels and does not induce the synthesis of new
channels was provided by Kipnowski, Park and Fanestil with
use of the carboxyl-reactive reagent EEDQ, which irreversibly
inhibited apical sodium channels in toad bladder [72]. These
investigators showed that aldosterone stimulated Isc only in
proportion to the level that remained after inhibition of basal
sodium transport by EEDQ. During the chronic phase of
hormone action, a larger number of Na-K pump units in
basolateral membrane act cooperatively with high apical mem-
brane conductance to maintain up-regulation of sodium flux.
Cell impalement studies with microelectrodes provide in-
sights into the forces that account for the aldosterone-induced
rise in macroscopic sodium current. In distal colon of rats with
secondary hyperaldosteronism apical membrane conductance
increased 66% due to activated amiloride-sensitive sodium
channels and potassium channels [73]. The sevenfold rise in T
was associated with both a fall in Va and an increase in Vb.
Depolarization of Va suggested that influx of sodium predomi-
nated over potassium efflux. The rise in Vb may have occurred
from increased turnover of the electrogenic Na-K pump,
and/or an increase in cellular potassium. Similar results were
obtained in studies on principal cells in rabbit CCT, after
chronic treatment with pharmacologic doses of deoxycorticos-
terone [74]. In addition, these studies indicate a high chloride
conductance of the paracellular pathway under basal condi-
tions, which would facilitate chloride transport through the
intercellular pathway. They showed that chronic deoxycorti-
costerone treatment induced an increase in electrogenic sodium
pump activity in basolateral membrane, and modulated apical
sodium conductance over a wide range from 0.2 to 2.3 mS cm2
[74—76].
New techniques in electrophysiology have permitted analysis
of the intrinsic properties of the apical membranes that confer
ion conductance at the level of single ion channels. Macro-
scopic current fluctuation analysis has shown that apical mem-
brane sodium permeability must involve a channel mechanism,
since the rate of ion movement of -106 ions/sec per channel is
too high to be accounted for by a carrier mechanism [77].
Applied to an analysis of toad urinary bladder, the aldosterone-
dependent increase in 'DNa was shown to result from an increase
in the area density of conductive apical sodium channels,
without change in the computed single-channel current which
averaged 0.15 pA [78]. Further studies in toad bladder demon-
strated that the selectivity sequence for alkali metal cations was
H > Li > Na>> K. The selectivity for Na over K was about
1000:1 [79]. The apical membrane sodium channel has also been
studied with the patch clamp technique. In isolated segments of
rat CCT channel conductance was 5 PS at room temperature
and the selectivity of Na over K was 10:1 [80, 81]. Conductance
increased 80% at 37°C [82]. Spontaneous transitions were
observed between open and closed states, each with average
lifetimes of 3 to 4 seconds. Further studies with the same
preparation showed that amiloride decreased the probability of
the channel being open, and showed saturation of channel
conductance with increasing sodium activity in outside solution
[80, 81]. In cultured A6 cells, derived from Xenopus laevis
kidney, the physical characteristics of apical sodium channels
were influenced by the substratum on which cells were grown.
When grown on a permeable surface, channels exhibited low
conductance (1 to 2 PS) and a high selectivity for sodium
(permeability ratio > 20:1, Na to K), compared to cells
grown on an impermeable surface where conductance was 7 to
9 pS and the Na:K permeability ratio was 5:1 [83]. After
incorporation of the apical membrane of A6 cells into planar
lipid bilayers the range of single channel conductance was
elevated to 4 to 80 p5 in symmetrical 200 mM NaC1, and the
measured permeability ratio of Na :K was low at 2 to 3:1 [84].
In sum, the amiloride-sensitive sodium channel in aldosterone
target epithelia appears to have a low conductance and a high
selectivity for sodium, although these characteristics are mark-
edly affected by experimental conditions. The marked differ-
ences in channel conductance and ion selectivity of the same
channel studied under different conditions suggest that the level
of cellular differentiation and, perhaps, other factors such as the
composition of the lipid bilayer may affect the conformational
properties of channel proteins. Extensive analysis of the phys-
ical properties of the sodium channel has not been performed,
nor have possible effects of aldosterone on the physical prop-
erties of the channel been examined.
Several groups have reported efforts to isolate the amiloride-
sensitive sodium channel. Sariban-Sohaby and Benos suc-
ceeded in a 2,000-fold purification of an amiloride binding
protein extracted from cultured A6 cells and bovine kidney,
which in preliminary studies was reported to retain amioride-
sensitive Na transport [85]. The molecular mass of this
purified protein was 700 to 750 kDa and was composed of 5 to
6 subunits ranging in molecular size from 320 to 35 kDa.
Amiloride reacted with the 150 kDa subunit. Kleymen and
associates reported isolation of an amiloride binding protein,
using a different method for isolation and purification, which
contained similar sized subunits [86]. Mono- and polyclonal
antibodies, prepared against the protein, localized to the apical
membrane of aldosterone target cells and reacted with sites
protected by amiloride from the proteolytic effects of trypsin
[70]. These antibodies, however, did not block sodium conduc-
tance. A comprehensive review of the amiloride-sensitive Na
channel is available elsewhere [87].
There are few insights into the second messenger system
involved in the aldosterone-induced increase in apical mem-
brane conductance for sodium, except that the action of aldo-
sterone does not involve an increase in cAMP [88]. Previous
studies, however, have demonstrated cross reactivity between
the signal transduction system induced by aldosterone and the
cAMP-dependent system utilized by vasopressin to increase
electrogenic sodium transport. Prior exposure to mineralocor-
ticoids resulted in an augmented rise in vasopressin-induced
electrogenic sodium transport, associated with increased levels
of cAMP compared to levels induced by vasopressin alone [88].
Since there is no evidence that aldosterone recruits pre-existing
sodium channels present within a cytosolic pool, it seems likely
Fig. 2. Results of voltage-clamp studies on
rat distal colon. Under control conditions,
sodium absorption occurs by two modes,
electrogenic and electroneutral. Chronic
exposure to aldosterone stimulates
electrogenic transport and inhibits the
electroneutral mechanisms.
that aldosterone increases apical membrane conductance
through a mechanism that activates silent channels in apical
membrane. Recent efforts have begun to explore the intracel-
lular pathways for activating apical sodium channels under
basal conditions. These investigations, however, have not
determined that signal transduction pathways shown to affect
channel activity under basal conditions were sensitive to the
action of aldosterone, nor that experimental preparations con-
tained sodium channels with the characteristics found in intact
epithelia that exhibit aldosterone responsiveness. The hetero-
generity in experimental preparations may, at least in part,
explain the differences in experimental results. Although it has
not been shown that there are different types of sodium chan-
nels, as there are for other mono- and divalent cations, it cannot
be assumed that sodium channels have uniform characteristics
in different types of cells.
Exposure of frog skin to phorbol esters to activate C kinase,
for example, activated amiloride-sensitive sodi 'n transfer
across the epithelium [89]. Under similar conditions, however,
basal sodium absorption was inhibited by phorbol esters in
rabbit CCT [90] and cultured A6 cells [91]. Phorbol esters also
inhibited sodium uptake into LLC-PK1 cells via amiloride-
sensitive sodium channels, although it was not shown that this
pathway is involved in transepithelial movement of sodium [92].
Recent evidence suggests that a G protein may regulate sodium
channel activity in some cell types, since introduction of GTPS
into membrane vesicles prepared from toad bladder epithelium
stimulated amiloride-sensitive sodium transport several-fold
[93], and direct application of GTP,,S and the a-3 subunit of G1
to the solution bathing the cytosolic surface of excised patches
of apical membrane, derived from rat renal inner medullary
collecting tubule cells, increased the open probability of non-
selective cation channels [94]. In addition, recent evidence
suggests that the apical sodium channel in A6 cells grown on
impermeable surfaces is activated by the a1 subunit of G1 [95],
and that the action of G1 is mediated through the regulation of
phospholipase and lipoxygenase activities [96]. It is not known,
however, whether this signal transduction pathway is sensitive
to known stimuli of sodium channel activity, such as aldoste-
rone or arginine vasopressin.
In a recent report, Petzel and colleagues have provided
evidence that the second messenger system may involve cal-
cium and an increased turnover of membrane bound phospho-
lipids [97]. Approximately 60 minutes after exposure of cultured
A6 cells to aldosterone, intracellular calcium (Car) increased
transiently from 100 to 300 nM in association with a fourfold rise
in inositol triphosphate and the onset of the increase in Isc.
Both the rise in Ca and Isc were dependent on a transcription
process and new protein synthesis, and the increase in Isc was
dependent on the transient rise in Furthermore, these
studies suggested that the calcium dependent process involved
a calcium dependent, calmodulin-dependent kinase.
Effect of aldosterone on electroneutral sodium transport
Recent studies in intestinal and renal epithelia have shown
that aldosterone also acts to stimulate electroneutral NaCl
transport in some target epithelia. In contrast to rat distal colon
in vivo, where aldosterone stimulates electrogenic sodium
absorption, Hirsch and colleagues reported that aldosterone
stimulated electroneutral NaCl absorption in proximal colon of
the adrenal-intact rat because the observed increase in sodium
absorption was associated with small or negligible changes in
V and Isc [31]. Further studies to explore the effect of
aldosterone on electroneutral NaCI transport mechanisms were
performed on distal and proximal portions of rat colon under
voltage clamp conditions. In distal colon, where electroneutral
NaC1 absorption predominates over electrogenic sodium ab-
sorption in the basal state, the chronic action of aldosterone
inhibited electroneutral NaC1 absorption and stimulated the
electrogenic mechanism, such that the hormone-induced in-
crease in sodium current was unaffected by removal of chloride
from the bathing solution [98], as shown in Figure 2. Additional
experiments suggested that basal electroneutral mode of NaC1
absorption in distal colon, inhibited by aldosterone, involved
parallel ion (Na-H and C1-HCOfl exchangers [99]. In
contrast to these effects in distal colon, voltage-clamp studies
on proximal rat colon demonstrated that aldosterone stimulated
electroneutral sodium absorption, most likely as a result of
activation of Na-H and Cl-HCO exchangers [100], as
shown in Figure 3. Electroneutral NaC1 absorption in other
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Fig. 3. Results of voltage-c/amp studies on
rat proximal colon. Under control conditions,
sodium absorption occurs by two modes,
electroneutral and a small sodium current.
Chronic exposure to aldosterone stimulates
electroneutral absorption.
epithelia, such as absorptive cells in rabbit ileum [101] and
Necturus gall bladder [102] involves these exchangers to pro-
vide a mechanism for NaCI influx across the apical membrane.
In addition, these exchanges play an important role in regulat-
ing pHi in many non-polar as well as polar cells [103, 104]. The
Na-H exchanger is characterized by amiloride sensitivity,
while the Cl-HCO exchanger is inhibited by disulfonic stil-
bene derivatives [102]. The proposed Na-H exchanger in
apical membrane was confirmed by studies on membrane
vesicles obtained from proximal [105] and distal [106] rat colon.
In a preliminary report, the anion exchanger has been identified
as Cl—-OH— in apical membrane vesicles from rat distal colon
[107].
It seems likely that aldosterone stimulates electroneutral
NaCl absorption in some portions of the collecting duct system,
at least in the rat. Tomita and colleagues have provided
evidence that electroneutral NaC1 transport is increased in rat
CCT by deoxycorticosterone [20]. In other studies, mineralo-
corticoids increased ion transport in the initial collecting tubule
(ICT) [18, 19] and papillary collecting duct (PCD) [21] in the
absence of a rise in VT [108, 109], suggesting an electroneutral
mode of sodium absorption.
Mechanism of hormone-induced potassium secretion
Although aldosterone does not stimulate potassium secretion
in amphibian epithelia, aldosterone increases net potassium
secretion in mammalian renal and intestinal target epithelia,
including both proximal and distal portions of colon and the
ICT, CCT and inner MCT segments of collecting duct [13, 35,
36, 110]. Since aldosterone action results in a marked increase
in electrical negativity of the luminal compartment, relative to
interstitial fluid, in CCT and distal colon, due to stimulation of
electrogenic sodium absorption, the increase in potassium
secretion could be explained solely on the basis of a rise in
passive potassium diffusion towards the luminal compartment
via the paracellular pathway. However, luminal perfusion ex-
periments in rabbit CCT and rat colon, in which the ratio of
potassium concentration between luminal fluid and interstitial
or bathing solution was compared to the ratio expected by the
Nernst equation under steady state or near steady state condi-
tions, demonstrated that potassium was actively secreted by a
transcellular pathway [111, 112]. Voltage clamp experiments
showed that aldosterone stimulated active potassium secretion
in both proximal and distal portions of rat colon [98]. Further-
more, in distal colon hormone-induced potassium secretion
occurred by an electrogenic process [113]. Technical limitations
have precluded similar experiments from being conducted on
segments of the renal collecting duct system.
Active potassium secretion requires activated potassium
channels in the apical membrane for the diffusion of cellular
potassium ions into luminal fluid. It is not clear whether the
effect of aldosterone on active potassium secretion occurs in
two stages, as in the case of active sodium absorption. In the in
vitro rabbit CCT an increase in potassium permeability (Pk) of
apical membrane correlated with an increase in Na-K-ATPase
in a time sequence that related to the pre-existing adrenal
status, that is, both parameters were increased by three hours
of exposure to mineralocorticoids in tissue obtained from
adrenalectomized animals [114] and by 24 hours in tissue from
adrenal-intact animals [75]. Within three hours after adminis-
tration of deoxycorticosterone there were parallel fivefold in-
creases in apical membrane conductance for potassium and
apical potassium current [114]. Both parameters, inhibited by
Ba2 added to luminal solution, rose 17-fold by 18 hours.
Insights into the cellular action of aldosterone to stimulate
active potassium secretion can be obtained by integrating the
experimental observations of hormone stimulated kand turn-
over of the Na-K exchange in basolateral membrane with the
three compartment model of epithelial transport. In the steady
state potassium enters the cell across the basolateral membrane
via the Na-K pump, and perhaps secondary active transport
processes such as the Na-K-2Cl carrier protein [115], and
the rate of cellular efflux equals the influx rate. Exit sites for
potassium efflux potentially include the apical and basolateral
cell surfaces depending on the presence of conductive sites on
these surfaces. The actual ratio of distribution for efflux of
cellular potassium across the opposing surfaces of the cell is a
function of their relative conductance for potassium and the
electrochemical driving force (V-Ek) acting on potassium ions,
where Ek is the equilibrium potential for K. Parallel increases
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- Na Fig. 4. Proposed model for potassium
transport in distal colon of the rat under
control conditions and after chronic exposure
to aldosterone. In these experiments, the
activities of potassium and sodium in the
bathing solutions were 5.7 m and 103 mri,
(—), active transport; (---), passive transport.
From Sandle et al (116); used with
permission.
in cellular potassium influx and efflux due to the action of
aldosterone, can be expected to occur even in the absence of an
increase in the number of Na-K pumps, as a result of the
action of aldosterone to stimulate apical sodium conductance
because the rise in efflux of sodium by the Na-K pump also
increases the uptake of potassium into the cell. In the absence
of apical membrane conductance all of the potassium entering
the cell would exit by back diffusion across the basolateral
membrane. However, the initiation of aldosterone-induced in-
crease in apical membrane kpermits a fraction of cell potas-
sium to diffuse into luminal fluid, thus effecting vectorial
movement of potassium across the epithelium. In addition,
depolarization of the apical membrane due to influx of sodium
ions increases the electrochemical driving force favoring potas-
sium efflux across that cell surface. Taken together therefore,
the effects of aldosterone on diffusive sodium transport across
the apical membrane and stimulated coupled Na-K turnover
at the basolateral membrane, combined with the hormone-
induced increase in apical k' generates the forces and a
pathway for sustaining active potassium secretion.
A controversial, but important, question concerns the effect
of aldosterone on intracellular potassium levels. In control rat
distal colon the calculated Ek across the basolateral membrane
of —74 mV was greater than Vb (—43 mV) suggesting that cell
uptake of potassium was an active process since potassium
uptake occurred against an electrochemical gradient (Vb-Ek of
—30 mV), and that Vb was probably a potassium diffusion
potential. In the distal colon from animals with secondary
hyperaldosteronism, due to potassium loading, although Vb
hyperpolarized to —54 mV there was no change in Vb-Ek since
Ek (—88 mY) rose proportionately with the increase in Vb, due
to an increase in intracellular potassium [116], as shown in
Figure 4. In rabbit CCT, in contrast, Sansom and colleagues
reported that during chronic administration of pharmacological
doses of mineralocorticoids, intracellular potassium remained
unchanged despite an increase in Vb, such that Vb > Ek,
favoring potassium influx into the cell across the basolateral
membrane [1171. The hormone-induced rise in V1, in this
experimental model was apparently accounted for by activation
of the Na-K exchanger. These opposing findings have not
been resolved, but do not appear to be accounted for by
differences between kidney and intestine since Beck and col-
leagues found, using the electron probe to estimate K, that
intracellular levels of potassium rose in DCT, connecting tubule
and principal cell of CCT in the rat kidney after exposure to
aldosterone [1181.
Patch clamp studies of the apical membrane potassium chan-
nel have been performed in rat and rabbit CCT. Since there is
no evidence for either potassium or sodium conductance in the
apical membrane of intercalated cells [34], it is assumed that
cells exhibiting apical potassium channel activity are principal
cells. Two types of apical potassium channels, maxi-K chan-
nels and small-conductance channels, have been found. The
maxi-K channels were rarely open at the spontaneous mem-
brane potential in cell-attached patches or in excised inside-out
patches when free calcium concentration in the bath solution
was in the physiological range of intracellular calcium [119,
1201. In addition, these channels with conductances of >90 mS
were blocked by TEA and were relatively impermeant to Rb.
These properties of the maxi-K channel make it an unlikely
candidate for potassium secretion in the CCT. The small
conductance K channel, in contrast, appears more likely to
have a role in transcellular potassium secretion. In rat CCT,
studied at room temperature, the single channel conductance
was 9 PS and the probability of being open at the spontaneous
membrane potential was >0.9 [121]. These channels were
blocked by Ba2 applied to the outside solution and the
probability of being open was not affected by Ca2 or applied
voltage. In addition, these channels conducted Rb, in agree-
ment with transepithelial flux studies, and the permeability ratio
for K:Na was greater than 10:1. Recent studies of rat CCT at
37°C reported an outward conductance of 15 p5 and mean
lifetime of the open and closed states of 18.6 ms and 0.7 ms,
respectively [122]. Furthermore, in the latter experiments the
open probability state was reduced by a fall in pHi and ATP
applied to the cytosolic side. There is no evidence, however,
that the small-conductance channel is activated by aldosterone,
nor is there information on the signal transduction pathway for
modulation of channel activity by mineralocorticoids.
Since small-conductance potassium channels are pHi depen-
dent, it is of interest that Oberleithner demonstrated that
aldosterone increased pHi in fused renal cells from frog kidney
by stimulating the Na-H exchange in the cell membrane,
when cells were bathed in a Hepes buffered solution, and
suggested that the rise in pHi activated potassium conductance
in the cell membrane [123]. This interpretation remains uncer-
tain, however, since studies in other cell types showed that
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when the intracellular buffer is HCO?JCO2, as in in vivo
conditions [124],
Since recent studies indicate that aldosterone has marked
effects on membrane bound carrier proteins involved in sodium
transport, it should be noted that aldosterone has been shown to
stimulate electroneutral potassium absorption in rat distal colon
[113]. This transporter is thought to regulate net potassium
absorption in distal colon, and therefore it is unclear how this
effect serves a useful role in the action of aldosterone in large
intestine.
Effect of aldosterone on tight junction conductance
The resistance of the paracellular pathway is primarily due to
the tight junction, or zona occludens, shown in Figure la as R,
located at the apical interface of the adjoining cells. Recent
studies suggest that conductance of ions through this protein
complex is modulated by intracellular messengers in much the
same way as transport proteins in cell membranes are regulated
[125]. Several lines of evidence indicate that aldosterone has a
marked effect to reduce the conductance for sodium ions in the
tight junction. For example, the permeability for sodium in the
paracellular pathway was reduced by two-thirds in distal colon
of animals with hyperaldosteronism, despite a rise in T of
about fivefold, that favored an increase in backflux of sodium
ions [31]. Effects similar to those found in distal colon were
observed in rat CCT, obtained from animals pretreated with
deoxycorticosterone, when electrogenic sodium transport was
stimulated by AVP [126], and in rabbit CCT after chronic
treatment with deoxycorticosterone paracellular shunt conduc-
tance decreased 30% [75]. In contrast, aldosterone did not
affect sodium permeability of the paracellular pathway of rat
proximal colon, where electroneutral NaCI absorption was
stimulated [31]. The mechanism of this effect is unknown, and
it is therefore not determined whether the effect of aldosterone
on tight junction conductance is a voltage-dependent phenom-
enon, linked to activation of electrogenic sodium transport, or
related to some other factor. The alteration in tight junction
conductance, however, enhances the efficiency of electrogenic
sodium transport by preventing back leak of sodium ions driven
by an increase in VT. By maintaining a higher VT the passive
driving force for cellular K and H secretion is also enhanced.
Aldosterone-induced proton secretion
Although studies in man and experimental animals demon-
strated that aldosterone stimulated proton excretion by the
kidney [127], insights into the sites of hormone action and
cellular mechanism responsible for proton secretion evolved as
a result of the development of a cell model less complex than
the kidney, namely the urinary bladder of the fresh water turtle.
Beginning in the mid 1960s, Steinmetz showed that acid secre-
tion resulted from an apical membrane proton translocating
adenosine triphosphatase (ATPase), located in carbonic anhy-
drase (CA) rich cells and modulated by changes in intracellular
pH (pHi), that was capable of transporting protons electrogen-
ically against a concentration gradient of at least 1:1,000 (pH =
4.4) [128]. This model includes an antiporter (HCO-Cl) and
chloride channels in the basolateral membrane to extrude
HCO in an electrically silent manner and provide an exit
pathway for chloride entering the cell. Further studies showed
that the H-ATPase was also present in subapical vesicles
which rapidly fused with the apical membrane when pHi fell to
amplify the population of membrane bound proton pumps [129].
This cell is now recognized as being analogous to the a
intercalated cell in ICT, CCT and MCTIS. Additional work in
turtle bladder demonstrated a carbonic anhydrase rich cell with
reversed polarity, capable of HCO secretion into apical fluid,
analogous to /3 intercalated cells in segments of the collecting
duct system [130].
Subsequent studies showed that aldosterone stimulated acid
secretion in toad bladder [131] and turtle bladder by activating
a-type CA rich cells [132]. Equivalent circuit analysis indicated
that aldosterone facilitated the flow of protons through the
active transport pathway but did not increase the force of the
pump. This effect was sodium independent, although in epithe-
ha with cells expressing increased electrogenic sodium absorp-
tion the increased luminal negativity facilitated proton secre-
tion. It is not known, however, whether the action of
aldosterone is due to direct action on the proton pump, an
increase in exocytosis or a primary action on HCO efflux.
Regarding sites of aldosterone's effect on acid secretion in the
mammalian kidney, hormone-induced W secretion has been
demonstrated in CCT [133] and MCTS [22]. Interestingly, in
animals treated with deoxycorticosteroid, bicarbonate secre-
tion was stimulated in CCT, possibly due to stimulation of /3
intercalated cells, while proton secretion was increased in
MCT1 [134]. Since HCO secretion in CCT was prevented
when oral NH4CI was administered, the authors suggested that
stimulation of HCO secretion in CCT may have involved
recruitment of /3 intercalated cells due to the mild metabolic
alkalosis induced by proton secretion at the more distal site in
the collecting tubule. Aldosterone was reported to increase the
levels of N-ethylmaleimide (NEM)-sensitive ATPase, used to
reflect the activities of the proton-translocating ATPase, in
CCT, outer MCT and inner MCT [135]. Aldosterone therefore,
may affect active proton secretion in inner MCT, as well as in
cortical and outer MCT segments of the collecting duct system.
In addition to W-ATPase, the Na-H antiporter plays a
central role in regulating pHi, and, when present in the apical
membrane, controls transepithelial vectorial movement of Na
and H4. As noted above, aldosterone stimulates the Na-H
antiporter in proximal colon, where it accelerates electroneutral
sodium absorption. A similar event may occur in segments of
the collecting duct system with electroneutral NaC1 absorption.
Recently, as noted above, aldosterone was shown to activate
the Na-H exchanger in 'giant cells' fused from distal nephron
of frog kidney, after a latent period of —20 minutes and, in a
HCO free bath solution raised pHi approximately 0.3 pH units
[123].
Effect of glucocorticoids on transepithelial ion transport
Although previous clearance studies in humans and experi-
mental animals showed that glucocorticoids decreased sodium
excretion and increased the urinary excretion of potassium, it
was thought that these effects resulted either from the action of
glucocorticoids to increase renal blood flow or crossover bind-
ing to aldosterone receptors. The suggestion that glucocorti-
coids may have a unique action to regulate cation transport was
strengthened when Basti and colleagues reported that dexani-
ethasone restored colonic function to normal, when adminis-
tered to adrenalectomized animals in a dose calculated to
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represent a physiological replacement dose with negligible
binding to aldosterone receptors [15, 136]. Aldosterone, in
contrast, did not fully restore function even when administered
in high dose. Subsequently, in vivo studies showed that basal
sodium absorption in rat colon occurred by an electroneutral
mechanism in both proximal and distal colon that is maintained
by glucocorticoids [137, 138]. This mode of transport was not
inhibited by amiloride in a dose of 10 sM, the specific Na
channel blocker benzamil, or by spironolactone, but was inhib-
ited by the Na-H antiport inhibitor 5-N-ethyl-N-isopropy-
lamiloride. When dexamethasone was administered in a high
dose that occupied greater than 80% of aldosterone receptors,
sodium conductive absorption was stimulated in distal colon
due to crossover binding to aldosterone receptors. The syn-
thetic glucocorticoid RU26988, which does not bind to aldoste-
rone receptors, stimulated changes in colonic transport in
adrenalectomized animals that were similar to those of low dose
dexamethasone [137]. The unique action of glucocorticoids in
vivo had a minimal effect on potassium secretion in contrast to
aldosterone. The difference between mineralocorticoids and
glucocorticoids on potassium transport in distal rat colon was
corroborated in voltage-clamp studies in which aldosterone
stimulated active potassium transport, whereas dexamethasone
did not elicit active secretion [98]. Further studies on colonic
tissue from adrenal-intact rats showed that the 'pure' glucocor-
ticoid RU28362 stimulated VT and Isc by a mechanism that was
not inhibited by spironolactone or 10 LM amiloride [17].
In sum, recent studies provide strong evidence that glucocor-
ticoids modulate NaC1 absorption under basal conditions by an
electroneutral mechanism that involves the Na-H antiport
and, probably, the Cl-HCO/OH antiport acting in parallel,
at least in the large intestine. In proximal tubule studies, using
apical membrane vesicles, in vivo administration of glucocorti-
coids increases Na-H antiport activity apparently by increas-
ing the number of functional exchange proteins in the brush
border membrane [1391. Glucocorticoids are also potent regu-
lators of Na-K-ATPase in proximal tubule [140]. Since there is
universal agreement that the proximal tubule is devoid of
mineralocorticoid receptors, this effect appears to be glucocor-
ticoid specific. However, the above studies did not establish
whether this effect was direct or was mediated by the well
established effect of glucocorticoids to increase GFR and thus
increase the filtered load of Nat Bidet and colleagues, how-
ever, using isolated proximal tubule cells demonstrated that in
vitro exposure to glucocorticoids increased Na-H exchange
by a mechanism requiring new protein synthesis [141]. Gluco-
corticoid regulation of the Na-H antiport is therefore, a
direct and specific tissue effect which has now been defined in
two tissues where this transporter is a major transport mecha-
nism for sodium absorption.
A similar analysis has not been performed on segments of the
collecting duct system, although the CCT has a high population
of glucocorticoid receptors and there is indirect evidence for
electroneutral NaCl absorption in all segments of the rat col-
lecting duct, as noted above. In addition, glucocorticoids in-
crease Na-K-ATPase in DCT and MTAL, as well as the PCT
[140, 64] in adrenalectomized animals when Na-K-ATPase is
depressed. It is tempting to speculate therefore, that electro-
neutral NaCI absorption may exist in the collecting duct sys-
tem, at least under basal conditions, in other species besides the
rat. If, for example, aldosterone inhibited basal electroneutral
NaCI absorption in the collecting duct system as it does in distal
colon, basal NaCI absorption may exist in rabbit CCT, but has
not been observed because of the common practice of perform-
ing experiments in rabbits on a low sodium diet in order to
reduce variability in the transepithelial potential difference.
A major question for further investigation, in our opinion, is
whether the actions of cortisollcorticosterone and aldosterone
are complementary or counter-regulatory. Based on observa-
tions derived primarily from studies performed on large intes-
tine, it seems most likely that glucocorticoids and aldosterone
are complimentary in the regulation of sodium balance. Under
basal conditions, when plasma aldosterone levels are below the
threshold for mineralocorticoid receptor activation, glucocorti-
coids regulate NaC1 absorption in large intestine by an electro-
neutral mechanism. During volume depletion the release of
aldosterone by the adrenal gland raises plasma aldosterone
levels more than 100-fold, sufficient to activate the mineralocor-
ticoid receptor. In this condition, aldosterone stimulates elec-
troneutral NaCl absorption in proximal colon, but activates
electrogenic sodium absorption, and inhibits electroneutral
NaCl transport, in distal colon. The regulation of sodium
balance appears to involve the action of aldosterone episodi-
cally, during more severe disturbances of extracellular fluid
volume and/or plasma potassium levels. Aldosterone induced
electrogenic sodium absorption and active potassium secretion
may provide a more rapid and efficient means to defend against
these challenges than could otherwise be provided by mecha-
nisms which prevail under basal conditions.
In summary, the Ussing cell model has served as a powerful
paradigm for investigators over the past thirty years to explore
the cellular action of aldosterone to affect electrogenic sodium
transport in target epithelia. New findings that aldosterone
modulates the activities of a host of membrane proteins, and
new insights into the role of glucocorticoids in the regulation of
transport, suggest that modifications of the model derived from
studies on amphibian tissue are required to appreciate aldoster-
one-induced changes in mammalian target epithelia. The basic
three compartmental model applied to mammalian epithelia will
now include a Na:H exchanger together with, or instead of,
sodium channels as a mechanism for cell entry of sodium across
the apical membrane, apical potassium channels, changes in the
density of Na-K exchangers in basolateral membrane and in
the area of basolateral membrane, and a host of new details
related to electrogenic proton secretion in specialized cells. The
cloning and synthesis of the aldosterone receptor should now
allow definition of the mechanisms controlling receptor selec-
tivity, physiology and gene interaction. Still totally uncharted is
the definition of gene mineralocorticoid response elements and
how interaction of the receptor with these elements leads to
transcription and translation of effector proteins. Do mm-
eralocorticoid receptors, as suggested by some investigators,
interact with glucocorticoid response elements on the gene and
is cellular responsiveness to the two classes of adrenal hor-
mones determined by non-genomic factors, such as ll/3-hy-
droxysteroid activity [41, 55]? We do not yet know whether the
proteins induced by aldosterone are intrinsic elements of the
membrane transporters or proteins which modulate the activity
of the transporters. The signal transduction pathways employed
by agonists that bind to cell membrane receptors involve two
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major systems, one employs cyclic adenosine monophosphate(cAMP) and the other a combination of calcium ions and
products of an inositol lipid located in the plasma membrane.
These second messengers act to effect rapid on and off changes
in cell expression, including alterations in transport proteins
located in cell membrane. In contrast, agonists, like aldoste-
rone, which bind to intracellular receptors regulate membrane
bound transport proteins by a transcription-dependent process
and affect cell expression in a slower fashion. The signal
transduction pathways employed by the latter group of agonists
have not been defined. Since the existence of feedback inter-
actions operating between second messengers induced by acti-
vated cell membrane receptors leads to a highly integrated
signal system, is there integration between signal transduction
pathways induced by agonists that bind to cell membrane
receptors and agonists that bind to intracellular receptors, and,
if so, is the level of interaction at the level of gene transcription
or at the level of the effector protein? The observation that
aldosterone pretreatment influences the cellular levels of cAMP
induced by vasopressin suggest an interaction between agonists
that bind to cell surface and intracellular receptors. Existing
data suggest these complex interactions need to be explored. It
seems likely that advances in isolation and characterization of
ion transporters will soon provide the means to explore the
many remaining areas of inquiry. It will be important, however,
to carefully integrate the results obtained from subcellular
studies with function at the level of organs and the whole
organism. Hopefully, these new insights will provide both a
clearer understanding of mechanisms which modulate renal and
intestinal function and the pathogenesis of disease processes
due to impairment of those mechanisms.
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